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Searches for new hadronic resonances typically focus on high-mass spectra, due to overwhelming
QCD backgrounds and detector trigger rates. We present a study of searches for relatively low-mass
hadronic resonances at the LHC in the case that the resonance is boosted by recoiling against a
well-measured high-pT probe such as a muon, photon or jet. The hadronic decay of the resonance is
then reconstructed either as a single large-radius jet or as a resolved pair of standard narrow-radius
jets, balanced in transverse momentum to the probe. We show that the existing 2015 LHC dataset
of pp collisions with
∫ Ldt = 4 fb−1 should already have powerful sensitivity to a generic Z′ model
which couples only to quarks, for Z′ masses ranging from 20-500 GeV/c2.
I. INTRODUCTION
Searches for resonance peaks in the two-jet in-
variant mass spectrum are a central feature of the
physics program of every collider experiment of the
past half-century. Theoretically, this is well mo-
tivated due to the many classes of models of new
physics which predict s-channel resonances with sig-
nificant couplings to quarks and gluons. Experi-
mentally, the search is attractive as it can be done
in a fairly model-independent manner and because
increases in center-of-mass energy can provide new
sensitivity even in small initial datasets.
The upper range of sensitivity in terms of the
hypothetical resonance mass is limited by the cen-
ter of mass energy and the fraction of that energy
contained in the interacting partons. In the LHC
era, the power to discover or exclude such hadronic
resonances has been extended into the TeV range,
though no evidence of statistically significant ex-
cesses have been seen. The lower range of sensitivity
is controlled by more mundane factors, such as the
enormous background rates, which would swamp the
trigger and data-acquisition systems. These high
rates demand minimum pT thresholds for the jets
which create a lower bound on the sensitivity at a
mass of approximately M = 2pT. As a result, re-
cent searches have no sensitivity below several hun-
dred GeV, and no experiment has probed below
M = 300 GeV using the dijet final state in the past
two decades. Indeed, in terms of the coupling be-
tween quarks and the heavy resonance, limits in this
low-mass region are weaker than limits in higher-
mass regions [1].
In this paper, we investigate an alternative ap-
proach in which the trigger thresholds are avoided
by examining data where the light resonance (de-
noted Z ′ without loss of generality) is boosted in
the transverse direction via recoil from initial-state
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FIG. 1. Diagrams of Z′ production with recoil against
either a gluon (top), a photon or W boson (botton).
radiation (ISR) of a photon (γ + Z ′), a W boson
(W + Z ′), or a jet (j + Z ′); see Fig. 1. Requir-
ing a hard ISR object in the final state comes at
the cost of reduced Z ′ production rates, but allows
highly-efficient triggering at much lower Z ′ masses
than typically possible when triggering directly on
the Z ′ decay products. A similar idea was explored
in Ref. [2] in the context of dark matter searches;
that study projected limits on low-resonances in all
boson ISR channels, and suggests that jet channel
is the most sensitive. Our study builds on this work
by accounting for (and ameliorating) the important
impact of additional pp interactions (pile-up), em-
ploying more realistic background models1 as well
as considering the power of modern jet substructure
tools.
1 Specifically, correct handling of jet multiplicity and combi-
natorics dilutes the power of the Z′ + j channel in relation
to the Z′ + γ and Z′ +W channels.
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We show that sensitivity approaching unit cou-
plings can be achieved in the low-mass (20-500 GeV)
region using the existing LHC dataset.
II. THE MODEL
Many models of new physics [3–5] include a new
U(1) gauge sector and a new vector boson Z ′. Mod-
els with a low-mass Z ′, of the type considered here,
are especially appealing as a potential mediator be-
tween the standard model and the dark sector [6–
9]. Such models can avoid flavor constraints if the
couplings to quarks are the same for each genera-
tion, and can have significantly larger couplings to
quarks than leptons while preserving anomaly can-
cellations [1]. For the purposes of this study, we con-
sider a simple extension to the standard model with
a single extra Z ′ boson which couples exclusively
and equally to all quarks by adding the Lagrangian
term:
L ⊃ gB
6
q¯γµqZ ′µ (1)
The free parameters of the model are the boson
mass, MZ′ , and the quark coupling constant, gB .
This term arises for example from a gauged baryon
number scenario where all quarks have a gB/3 charge
under a new U(1)B field, as described in Ref. [1].
Projected limits on gB can indicate the feasibility
of searching for perturbative theories with features
similar to the simplified model here. Cross sections
and widths are shown in Fig. 2.
In these studies, simulated signal samples are gen-
erated with gB = 1.5. Limits on the cross section
can then be converted into upper limits on the gauge
coupling strength using the cross section scaling re-
lation, which is approximately σ ∝ g4B . At this value
of gB , the Z
′ width is small comparable to the mass
resolution.
III. SIMULATED SAMPLES
Simulated samples are used to model the kinemat-
ics of the signal and background processes.
Events with a hypothetical Z ′ boson are are sim-
ulated at parton level with madgraph5 [10], with
pythia [11] for showering and hadronization and
delphes [12] with the ATLAS-style configuration
for detector simulation.
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FIG. 2. Production cross sections at
√
s = 13 TeV in pp
collisions for j + Z′, W + Z′ and γ + Z′. Also shown
is the width of the Z′ as a function of mass for several
choices of gauge coupling gB . All calculations include
the parton-level requirement of a jet, charged lepton, or
photon in their respective channels with pT > 10 GeV.
The γ+jets background is generated with
sherpa [13] requiring one photon and 1 − 3 addi-
2
tional hard partons. The multi-jet background is
also generated with sherpa, requiring 2 − 4 hard
partons in the final state.
The measurement of jet masses is sensitive to the
presence of additional in-time pp interactions, re-
ferred to as pile-up events. We overlay such interac-
tions in the simulation chain, with an average num-
ber of interactions per event of 〈µ〉 = 15, which is
comparable to the level observed in ATLAS 2015
data with the LHC delivering collisions at a 25ns
bunch crossing interval.
The impact of pile-up events on jet reconstruction
can be mitigated using several techniques. First,
we employ a jet-area-based pileup subtraction on
narrow-radius jets as implemented by delphes. Ad-
ditionally, when reconstructing large-radius jets, we
apply a jet-trimming algorithm [14] which is de-
signed to remove pileup while preserving the two-
pronged jet substructure characteristic of boson de-
cay.
IV. γ + Z′ CHANNEL
A. Event selection and Reconstruction
The photon channel benefits from both the avail-
ability of relatively low-pT unprescaled triggers,
as well as reduced combinatorial ambiguity in the
topology of the final state compared to the jet chan-
nel.
For all events in the γ + Z ′ channel, we re-
quire at least one isolated photon with pγT > 120
GeV, which reflects the threshold of the lowest un-
prescaled single-photon trigger available to ATLAS
in 2015 data. For signal masses of 300 GeV and
above, we additionally require a leading photon with
pγT > 170 GeV, as this provides a slight increase in
sensitivity.
The key discriminating feature between the signal
and background model is the presence of a resonant
peak from the Z ′ → qq¯ decay. In order to recon-
struct the resonance, we examine two techniques.
The first is to simply construct the invariant mass
distribution of a pair of standard jets, clustered us-
ing the anti-kT algorithm with distance parameter
R = 0.4. We consider all pileup-subtracted anti-kT
R = 0.4 jets with pjT > 20 GeV and select the pair
with the highest pT of the jet-jet system. We refer
to this as the dijet mode below.
As the angular separation of the quarks may be
quite small in the case of a very light or very high-pT
Z ′, we consider a second approach of reconstruct-
ing a single large-radius jet with distance parameter
R = 1.0. We refer to this as the large-R jet mode be-
low. In this mode, we require at least one trimmed
anti-kT jet with R = 1.0 and pT > 80 GeV and jet
mass of at least 20 GeV. These jets are trimmed by
reclustering into kT subjets with Rtrim = 0.2 and
dropping subjets with less than 3% of the original
jet pT. In the case of multiple large-R jets, the one
with greatest pT is selected.
Due to conservation of momentum, the pT of the
photon and Z ′ candidate should be balanced in the
final state. However, due to finite detector resolution
effects, soft radiation, and pileup, the reconstructed
balance is imperfect. Hence, we apply the loose re-
quirement that |pZ′T − pγT|/pγT < 0.5. This slightly
improves sensitivity by rejecting higher-multiplicity
background events where the jet(s) selected do not
fully balance the photon, while also improving the
signal shape by rejecting events where the wrong jets
were selected for reconstruction.
B. Backgrounds
The dominant background is due to standard
model prompt photon production, labeled γ+jet
throughout. Sherpa has been shown [15] to accu-
rately model events with photons and jets in various
kinematic distributions. No k-factor is available in
the literature, so in the results below we demonstrate
the effect of a k-factor ranging from 1 to 2.
We also account for standard model γ + W and
γ+Z production; simulated samples are generated at
leading order in α with madgraph5; note that these
processes are approximately three orders of mag-
nitude below the γ+jet background, and approxi-
mately one order of magnitude below the predicted
rate for the hypothesized Z ′ signal with gB = 1.5.
Figure 3 shows the distribution of reconstructed
large-R or dijet masses in both signal and back-
ground processes for the γ + Z ′ channel.
V. W (µν) + Z′ CHANNEL
A. Event selection and Reconstruction
As with the photon channel, the leptonic W chan-
nel has little ambiguity in selecting the final state
jets, and benefits from the lower-pT lepton trigger
levels, which potentially enhances resolution of very
light resonances by limiting the collimation of de-
cay products of the less-boosted object. This comes
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FIG. 3. Distribution at
√
s = 13 TeV and
∫ Ldt =
4fb−1 of reconstructed Z′ candidate mass in the γ + Z′
channel, for both the single large-R jet (top) and the
resolved dijet case (bottom) considered in the text. Also
shown are signal distributions, generated with gB = 1.5,
and scaled by a factor of 10 for visibility.
at the cost of lower branching fractions of both the
vector boson ISR and leptonic decay mode, which
greatly reduces the signal production cross section.
For simplicity, we consider only the muon final state;
adding electrons increases the complexity of the
analysis and at best results in a factor of ∼ √2 in
cross section sensitivity, translating to only approx-
imately 9% improvement in gB reach.
For all events in the W (µν) + Z ′ channel, we re-
quire exactly one isolated muon with pT > 40 GeV,
representing the muon trigger. Events containing
additional electrons or muons with pT > 10 GeV
are vetoed.
To select the Z ′ candidate in the large-R and dijet
cases, the same procedure as described in Sec. IV is
followed. However, since the observed µ alone is
not expected to balance the pT of the resonance, no
momentum conservation cut is applied.
B. Backgrounds
In contrast to the γ +Z ′ channel, backgrounds to
the W + Z ′ channel are not wholly dominated by a
single process.
The largest source of background is due to stan-
dard modelW boson production with additional ISR
jets, with the W decaying leptonically, referred to as
W+jets throughout. This background is generated
using sherpa by sampling events with a final state
containing µ+ νµ and up to 2 additional partons; a
parton-level requirement the invariant mass m(µνµ)
is greater than 2 GeV is imposed.
We also account for backgrounds due to SM top
single- and pair-production, Z+jets with leptonic
decays, and semileptonic diboson processes; each of
these is generated with madgraph5. The Z+jets
background is somewhat reduced by the additional
lepton veto; however, due to the relatively low-pT
muon threshold, many events contain soft additional
leptons which are not reconstructed, and hence pass
the selection. The sole background to show reso-
nant structure in the reconstructed jet mass is the
diboson WZ production with semileptonic decay.
Figure 4 shows the distribution of reconstructed
large-R or dijet masses in both signal and back-
ground processes for the W + Z ′ channel.
VI. JET +Z′ CHANNEL
A. Event selection
The jet+Z ′ channel contains only jets in the fi-
nal state, leading to greater ambiguity in defining
the reconstructed Z ′ mass. Here we will refer to the
reconstructed decay jet(s) as either a single large-R
jet or a pair of resolved jets which define the recon-
structed mass of the hypothetical Z ′ decay. We refer
to the probe jet as the small-R jet which is opposite
in momentum to the decay jet(s). It is impossible to
always assign the decay jets correctly, particularly
in the presence of additional QCD radiation and
pileup. While the simple heuristic approaches de-
scribed below work reasonably well, further studies
may benefit considerably from the use of multivari-
ate techniques in order to select the most signal-like
jet(s) from each event.
For all events in the jet+Z ′ channel, we require
at least one anti-kT R = 0.4 jet satisfying |η| <
3.2 and pT > 360 GeV; this represents the lowest
unprescaled single-jet triggers available to ATLAS
in 2015 data in the central detector.
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FIG. 4. Distribution at
√
s = 13 TeV and
∫ Ldt =
4fb−1 of reconstructed Z′ candidate mass in theW (µν)+
Z′ channel, for both the single large-R jet (top) and the
resolved dijet case (bottom) considered in the text. Also
shown are signal distributions, generated with gB = 1.5,
and scaled by a factor of 10 for visibility.
For the large-R jet reconstruction, we use the
same anti-kT jets with R = 1.0 and trimming as de-
scribed in Sec. IV. To avoid the possibility of select-
ing a probe jet overlapping with a candidate large-R
jet, we examine all pairs of reconstructed R = 0.4
and R = 1.0 jets, and consider only those pairs
which are separated with a ∆R > 0.8. We select
the pair with highest large-R jet pT. In cases where
this is not unique, we then choose the jet with high-
est small-R jet pT. The small-R jet is assigned as
the probe jet, while the large-R jet is taken as the
Z ′ candidate.
For the dijet case, the Z ′ candidate is built
from the pair of small-R jets whose combined four-
momentum has the largest pT. Of the remaining
unassigned jets, the small-R jet with largest pT is
assigned as the probe jet.
As before, in order to require momentum balance
in the underlying event, we require that the Z ′ can-
didate satisfy |pZ′T − pprobeT |/pprobeT < 0.5.
B. Backgrounds
The overwhelming background is standard model
QCD multi-jet production, and is modeled using
sherpa as described in Sec. III. The large rate
of this background requires in a high single-jet pT
threshold of 360 GeV at ATLAS and 450 GeV at
CMS.
We also account for standard model W and Z bo-
son production, in association with one hard parton,
using MadGraph. However, as in the γ+Z ′ channel,
the contributions are very small relative to the other
backgrounds. Figure 5 shows the distribution of re-
constructed Z ′ candidate masses in both the large-R
or dijet cases for signal and background processes for
the jet+Z ′ channel.
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FIG. 5. Distribution at
√
s = 13 TeV and
∫ Ldt =
4fb−1 of reconstructed Z′ candidate mass in the jet+Z′
channel, for both the single large-R jet (top) and the
resolved dijet case (bottom) considered in the text. Also
shown are signal distributions, generated with gB = 1.5,
and scaled by a factor 50 for visibility.
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VII. SENSITIVITY
The estimates of the signal and background yields
for pp collisions corresponding to 4 fb−1 of luminos-
ity are used to calculated expected upper limits on
the production of the hypothetical Z ′ signal. Limits
on the cross section are then converted into upper
limits on the gauge coupling strength gB between
quarks and the Z ′.
Limits are calculated at 95% CL using a profile
likelihood ratio [16] with the CLs technique [17, 18]
and a binned distribution in the reconstructed mass
of the hypothetical Z ′ boson. In the γ + Z ′ and
W + Z ′ channels, the large-R jet mass distribution
is binned from 24 − 550 GeV, with bin widths in-
creasing from 8 − 50 GeV; the dijet mass distribu-
tion is binned every 10 GeV from 10− 520 GeV. In
the jet+Z ′ channel, the large-R jet mass distribu-
tion is binned from 24 − 620 GeV with bin widths
increasing from 8 − 50 GeV, and the dijet mass is
binned every 10 GeV from 80−550 GeV. Hypothet-
ical signal masses are considered only if the recon-
structed mass contains a localized peak, allowing for
normalization of the background and profiling of the
nuisance parameters in sidebands. The resolved di-
jet case requires a minimal angle between the decay
products and hence a minimal reconstructed mass,
suppressing a resonance peak below 50 GeV, as seen
in Fig. 5; the large-R jet case does not suffer from
this issue.
Several sources of systematic uncertainties on the
signal and background processes are considered. The
dominant γ+jet and multi-jet backgrounds are as-
signed a 15% uncertainty on the overall normaliza-
tion.2 The smaller W/Z + X backgrounds are as-
signed 5% uncertainties. More significant may be
the uncertainty in the expected Z ′ reconstructed
mass distribution, especially for values of MZ′ which
give reconstructed distributions that are more dif-
ficult to distinguish from the background distribu-
tions. A significant source of uncertainty in the re-
constructed mass distribution may come from the
2 Accurate estimates of these uncertainties would come from
studies of the scale dependence of the k-factor; such infor-
mation is not available in the literature. We choose 15%
and 5%, for the QCD and EW background respectively,
typical values for such uncertainties. Note that due to
the use of a profile likelihood technique, these uncertainties
can be significantly constrained in data using background-
dominated sideband regions above and below the hypothet-
ical Z′ mass. Therefore the resulting statistical limits are
not very sensitive to the initial assignment of the systematic
uncertainty.
calibration of the hadronic response and the overall
jet calibration. Detailed studies from experimental
collaborations are needed for definitive statements,
but to approximate the impact of such sources of
uncertainty, we shift the response of all calorimeter
towers by ±5%.
The expected 95% confidence level limits are
shown in Tab. I, and Fig. 6. We note that while
the resolved dijet technique tends to perform better
at all but the lowest masses considered in our study,
the application of further jet substructure techniques
may prove to enhance the sensitivity of the large-R
jet method.
MZ′ [GeV]
Channel mode 20 35 50 100 200 300 500
γ + Z′ dijet 3.6 1.7 1.3 1.5 1.9 2.4 3.9
large-R jet 4.3 3.1 2.5 2.5 2.9 3.9 8.0
W + Z′ dijet 2.5 2.0 1.9 2.7 5.1 9.1 14.3
large-R jet 6.0 5.6 4.7 7.0 10.6 12.0 18.5
jet+Z′ dijet 1.7 1.7 1.7 1.8 3.1 4.0 5.9
large-R jet – – – 1.8 1.7 1.8 4.3
TABLE I. Expected upper limits at 95% CL on the cou-
pling gB between the hypothetical Z
′ boson and quarks,
for the γ+Z′, W +Z′, and jet+Z′ channels, in both the
single large-R jet as well as the resolved dijet modes, for
values of MZ′ from 20-500 GeV. The limits are calcu-
lated for the case of pp collisions at
√
s = 13 TeV with∫ Ldt = 4 fb−1.
VIII. DISCUSSION
We have presented the expected experimental sen-
sitivity for hadronic resonances, in a low-mass re-
gion typically inaccessable using traditional search
strategies. By requiring that the Z ′ recoil against
a jet, a W boson or a photon, we are able to es-
cape the high-threshold trigger requirements and
suppress the background.
Generally, limits using the dijet reconstruction
method are stronger but tend to lose sensitivity
when the angle between the decay quarks is small
enough that the R = 0.4 jets merge. This hap-
pens at approximately MZ′ ∼ 0.4 pT/2, where the
pT scale is determined by the trigger threshold in
each channel. Once the jets merge, the dijet and
large-R reconstruction methods perform compara-
bly, although both eventually degrade in sensitivity
at lower masses as the low-mass portion of the back-
ground becomes difficult to fit.
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FIG. 6. Expected upper limits at 95% CL on the cou-
pling gB between the hypothetical Z
′ boson and quarks,
for the γ+Z′, W +Z′, and jet+Z′ channels, in both the
single large-R jet as well as the dijet modes, for values
of MZ′ from 20-500 GeV. If the k-factors for the largest
backgrounds are doubled, the limits are weakened by
17-21%. The limits are calculated for the case of pp col-
lisions at
√
s = 13 TeV with
∫ Ldt = 4 fb−1. For com-
parison, we include existing limits from UA2 and CDF
(shaded contours), as interpreted by [1].
The large-R jet method is not as sensitive to
collinear decay products, and so therefore should
be more robust at lower masses. Improvements in
large-R jet reconstruction techniques will possibly
allow experiments to set limits at masses even lower
than those projected here.
Although we studied the use of substructure vari-
ables such as N -subjettiness [19] and Energy Cor-
relation Functions [20] for large-R jets, we found
these variables did not lead to a selection with re-
liably improved sensitivity. It is possible that with
the more sophisticated detector modeling available
to experimentalists, including more realistic track-
ing, vertexing, and calorimeter clustering, improved
pileup removal and substructure resolution may en-
hance limits in this channel, particularly at very low
masses.
Compared to the results of Ref. [2], we find that
once pileup and detector effects are accounted for,
the photon channel has sensitivity much more com-
parable to the jet channel, with reach to even lower
Z ′ masses. Although these effects also consider-
ably reduce the overall expected sensitivity, we show
that sensitivity approaching unit couplings can be
achieved in the low-mass (20-500 GeV) region using
the existing LHC dataset.
Several important challenges remain for an ex-
perimental analysis, most notably the construction
of a reliable background estimate that can be con-
strained in data. The limits presented here assume
the possibility of constraining the background model
by fitting the mass sidebands simultaneously with
the signal hypotheses. In practice, this would most
likely be accomplished using a parametric fit func-
tion; this approach would be easiest to validate in
the region of the mass spectrum which is monotonic
and smooth, possibly limiting the reach towards the
lowest-mass resonances. If experimentalists can de-
velop methods to overcome these challenges, the po-
tential for discovery exists with data available today.
IX. ACKNOWLEDGEMENTS
The authors would like to acknowledge Moham-
mad Abdullah, Linda Carpenter, Sam Meehan, Fe-
lix Yu, and Ning Zhou for helpful discussion and
comments. We also thank Anthony DiFranzo for
providing the MadGraph implementation of the Z ′
model.
[1] B. A. Dobrescu and F. Yu, Phys. Rev.
D88, 035021 (2013), [Erratum: Phys.
Rev.D90,no.7,079901(2014)], arXiv:1306.2629
[hep-ph].
[2] H. An, R. Huo, and L.-T. Wang, Phys. Dark Univ.
2, 50 (2013), arXiv:1212.2221 [hep-ph].
[3] D. London and J. L. Rosner, Phys. Rev. D 34, 1530
(1986).
[4] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009),
arXiv:0801.1345 [hep-ph].
[5] E. Salvioni, G. Villadoro, and F. Zwirner, JHEP
11, 068 (2009), arXiv:0909.1320 [hep-ph].
[6] H. An, X. Ji, and L.-T. Wang, JHEP 07, 182 (2012),
arXiv:1202.2894 [hep-ph].
[7] A. Rajaraman, W. Shepherd, T. M. P. Tait, and
A. M. Wijangco, Phys. Rev. D84, 095013 (2011),
arXiv:1108.1196 [hep-ph].
[8] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd,
T. M. P. Tait, and H.-B. Yu, Phys. Rev. D82,
116010 (2010), arXiv:1008.1783 [hep-ph].
[9] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd,
T. M. P. Tait, and H.-B. Yu, Phys. Lett. B695, 185
(2011), arXiv:1005.1286 [hep-ph].
7
[10] J. Alwall, M. Herquet, F. Maltoni, O. Matte-
laer, and T. Stelzer, JHEP 1106, 128 (2011),
arXiv:1106.0522 [hep-ph].
[11] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP
0605, 026 (2006), arXiv:hep-ph/0603175 [hep-ph].
[12] J. de Favereau et al. (DELPHES 3), JHEP 1402,
057 (2014), arXiv:1307.6346 [hep-ex].
[13] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr,
S. Schumann, F. Siegert, and J. Winter, JHEP 02,
007 (2009), arXiv:0811.4622 [hep-ph].
[14] D. Krohn, J. Thaler, and L.-T. Wang, JHEP 02,
084 (2010), arXiv:0912.1342 [hep-ph].
[15] Report No. ATLAS-PHYS-PUB-2015-016 (2015).
[16] G. Cowan, K. Cranmer, E. Gross, and O. Vitells,
Eur.Phys.J. C71, 1554 (2011), arXiv:1007.1727
[physics.data-an].
[17] A. L. Read, J.Phys. G28, 2693 (2002).
[18] T. Junk, Nucl.Instrum.Meth. A434, 435 (1999),
arXiv:hep-ex/9902006 [hep-ex].
[19] J. Thaler and K. Van Tilburg, JHEP 03, 015 (2011),
arXiv:1011.2268 [hep-ph].
[20] A. J. Larkoski, G. P. Salam, and J. Thaler, JHEP
06, 108 (2013), arXiv:1305.0007 [hep-ph].
8
